The effects of gibberellic acid, abscisic acid, cyclohexinide, actinomycin D, and cordycepin upon exo-and endoproteolytic activities and storage (gluten) protein hydrolysis in germinating wheat and in incubated embryoless wheat seeds have been studied. Early increases in endoproteolytic activity were insensitive to the addition of gibberellic acid and inhibitors of protein and RNA synthesis. Later Wheat endosperm storage proteins consist of two major groups of proteins, the gliadins and glutenins (16). These proteins are responsible for the unique viscoelastic properties of wheat flour which allows the production of bread. However, during germination (or field-sprouting) these proteins are hydrolyzed by increasing levels of proteolytic activity leading to a reduction in breadmaking quality (3, 11, 22) . A number of studies have been concerned with determining the enzymes responsible for this process (14, 21, 26 For studies with embryoless seeds, whole seeds were softened for 1 h in water and the embryo portion carefully removed by scalpel under a microscope. Following treatment with Javex as described above, the embryoless seeds (50 seeds per sample) were incubated in a germination cabinet at 18.5 C on silica sand saturated with water containing the various compounds. Samples were withdrawn at various times, extracted, and analyzed.
Wheat endosperm storage proteins consist of two major groups of proteins, the gliadins and glutenins (16) . These proteins are responsible for the unique viscoelastic properties of wheat flour which allows the production of bread. However, during germination (or field-sprouting) these proteins are hydrolyzed by increasing levels of proteolytic activity leading to a reduction in breadmaking quality (3, 11, 22) . A number of studies have been concerned with determining the enzymes responsible for this process (14, 21, 26) . Recent studies in our laboratory have indicated that during germination both exo-and endoproteolytic activity increases. Comparison of changes in the activities of these enzymes and of endosperm storage protein levels in germinating durum and hard red spring wheat indicated that increases in the levels of endoproteolytic activity were required for extensive storage protein hydrolysis (19) .
In the present paper, the effects of GA,2 ABA, and inhibitors of protein and RNA synthesis upon exo-and endoproteolytic activity For studies with embryoless seeds, whole seeds were softened for 1 h in water and the embryo portion carefully removed by scalpel under a microscope. Following treatment with Javex as described above, the embryoless seeds (50 seeds per sample) were incubated in a germination cabinet at 18.5 C on silica sand saturated with water containing the various compounds. Samples were withdrawn at various times, extracted, and analyzed.
Extraction and Determination of Exo-and Endoproteolytic Activity. All procedures were done at 4 C. For extraction of activity in whole seeds, 100 seed samples (in duplicate) were extracted in a VirTis homogenizer for 2 min (6-to 20-s intervals) with 40 ml of 0.1 M sodium acetate (pH 4.4) buffer and then stirred 1 h. Samples were then centrifuged at 40,000g (15 min) and the precipitate was resuspended in 30 ml of buffer and stirred an additional hour. Following centrifugation at 40,000g, supernatants were combined and analyzed for activity.
For extraction of activity from embryoless seeds, 50 seeds (in duplicate) including the sand were ground with a mortar and pestle in 20 ml of 0.1 M sodium acetate (pH 4.4) buffer and stirred for I h. Following centrifugation for 15 min (100,OOOg), the supernatants were analyzed for activity.
Endoproteolytic (azocaseinase) activity (19) was determined in duplicate by incubating the extracts (0.5 ml) in 3.5 ml of 0.05 M Mcllvaines citric acid-disodium phosphate buffer (pH 6.0) containing 1.4% azocasein (Sigma) for 3 h at 40 C, terminating the reaction by addition of 5 ml of 10%o trichloroacetic acid and filtering through Whatman No. 2 filter paper. After addition of an equal volume of 0.5 N NaOH to the filtrate, the resulting solution was allowed to sit 20 min and activity determined by the change in A at 440 mm. Activity was corrected for blank values by incubating extract and substrate solutions separately then proceeding as described above.
Exoproteolytic activity was measured by an automated fluorometric assay using hemoglobin as substrate (Hbase) as previously described (17) . Activity was expressed as the equivalent concentration of glycyl-glycine (jumol/ml) required to give a fluorescence equal to that of the dialyzed products of hemoglobin hydrolysis following treatment with fluorescamine (Roche) and correction for blank values.
Measurement of Storage Protein Hydrolysis. For the measurement of storage protein hydrolysis in whole seeds, 50 seeds (in duplicate) were dissected with a scalpel to remove the embryo.
The embryoless seeds were then extracted with 25 ml of 0.5 M NaCl for 2 min in a VirTis homogenizer and stirred I h. Following centrifugation (40,000g, 20 min) the precipitate was stirred with an additional 25 ml of 0.5 M NaCl and centrifuged. The final precipitate containing the storage (gluten) protein was lyophilized, ground in a coffee grinder, and then analyzed for nitrogen by the alkaline sodium phenate method of Mitcheson and Stowell (15) with the exception that selenium catalyst was used in the digestion.
For the germination studies with embryoless seeds, storage protein hydrolysis was measured by the release of free amino acids. Samples of 25 embryoless seeds (in duplicate), including the incubation sand, were ground up in 20 ml of water with a mortar and pestle, stirred 10 min, and centrifuged at 100,000g. Sulfosalicyclic acid (20%1o, w/v) adjusted to pH 2.2 was added to the supernatant to give a final concentration of 5% and after 1 h the suspension was centrifuged at 100,000g. After clarification of the extracts through a 50,000 mol wt filter cone (Amicon), extracts were analyzed for free amino acids using lithium buffers on a Beckman 121 amino acid analyzer as described by Dexter and Dronzek (6) .
RESULTS
Effects of GA, ABA, and Inhibitors of Protein and RNA Synthesis on Endoproteolytic Activity during Germination. Endoproteolytic activity was measured by the ability of germinating wheat extracts to release trichloroacetic acid-soluble azopeptides from azocasein at pH 6.0. The effects of GA, ABA, and inhibitors of protein and RNA synthesis are shown in Figure 1 , A and B. In the control (H20), AZO increased gradually during early germination up to 2 days followed by a rapid increase in activity after 3 days, resulting in an 8-fold increase in activity after 5 days. The level of AZO after 5 days was similar to previously published data for hard red spring wheats (19) but in the present study initial (ungerminated) levels were significantly lower and increases during early germination correspondingly higher than previously found.
Addition of GA to supplement endogenous levels present in the ungerminated wheat induced earlier and more rapid increases in AZO during germination (Fig. IA) although levels after 5 days were only slightly higher than the control. These results are in agreement with previous studies showing that GA induces increases in the general levels of proteolytic activity in germinating wheat (7, 25) . Addition of ABA resulted in reduced levels of AZO compared to the control. After an initial increase in activity following steeping, activity decreased up to 2 days germination followed by a fairly rapid increase. The latter increase is probably associated with metabolic breakdown of ABA and by the synthesis of GA during germination which, as previously shown with corn (9) , would probably overcome ABA inhibition.
With the exception of the steeped extract, initial addition of cycloheximide to prevent protein synthesis almost completely inhibited increases in activity (Fig.1B) increase were unstable in vivo and is consistent with previous studies in our laboratory (20, unpublished data) showing that these enzymes are unstable in vitro. Later additions of cycloheximide had similar effects, leading to inhibition of further increases in activity. Addition of 10 tM cycloheximide to germinating seeds after 1, 2, 3, and 4 days resulted in AZO (A OD 440) after 5 days of 0.045, 0.081, 0.098, and 0.128, respectively. The corresponding value of activity of the control after 5 days was 0.142. Actinomycin D and cordycepin had less effect upon AZO than did cycloheximide or ABA (Fig.1B) (10, 28) .
Effects of Activators and Inhibitors on Exoproteolytic Activity during Germination. Exoproteolytic (Hbase) activity was measured by an automated fluorometric assay at pH 4.0 with hemoglobin as substrate (17) . The enzymes responsible for this activity have previously been shown to consist almost entirely of nonspecific carboxypeptidases (21) . In the control, Hbase activity increased slowly during germination, resulting in approximately a 2.5-fold increase after 4 days (Fig. 2, A and B) . In a previous study with older seed, Hbase activities in hard red spring wheats were significantly higher in ungerminated extracts and increased approxi- mately 25% during 5 days' germination with final levels of between 2.0 to 2.5 ,umol glycyl-glycine per kernel (19) .
Addition of GA or ABA during steeping did not appear to have a significant effect upon levels of Hbase activity during germination compared to the control. Similarly, actinomycin D and cordycepin (Fig. 2B) In contrast to the above results, addition of cycloheximide during steeping largely inhibited increases in Hbase activity during germination (Fig. 2B) . However, in contrast to endoproteolytic activity, later additions of cycloheximide had little or no effect upon activity. Addition of 10 u1M cycloheximide to germinating seeds after 1, 2, 3, and 4 days resulted in Hbase activities (jumol glycyl-glycine per ml) of 1.89, 2.07, 2.23, and 2.16, respectively, compared to an activity after 85 days of 2.12 for the control.
Effects of Activators and Inhibitors on Storage Protein Hydrolysis during Germination. Changes in storage (gluten) protein hydrolysis of the control during 6 days of germination and the effects of GA, ABA, and inhibitors of protein and RNA synthesis after 5 days' germination are shown in Figure 3 . In the control, storage protein hydrolysis was slow initially and then became more rapid during the later stages of germination. The most rapid hydrolysis occurred between 4 and 6 days, concomitant with large increases in endoproteolytic (azocaseinase) activity.
Addition of the hormones and inhibitors during steeping had significant effects upon storage protein hydrolysis after 5 days' germination (Fig. 3) . In the presence of GA storage protein hydrolysis was almost complete while in the presence of ABA, storage protein hydrolysis was inhibited by 36% compared to the control. Cycloheximide almost totally inhibited protein hydrolysis while actinomycin D and cordycepin inhibited storage protein hydrolysis by 17 and l1%, respectively. Comparison of these results with the data obtained for proteolytic activity showed that later increases in endoproteolytic activity were closely related to the extent of storage protein hydrolysis following treatment with the activators and inhibitors.
Effects of GA, ABA, and Inhibitors of Protein and RNA Synthesis on Neepawa Embryoless Seeds. Table I shows the effects of the hormones and inhibitors upon exo-and endoproteolytic activity and amino acid release of embryoless seeds incubated for 5 days at 18.5 C. After 5 days incubation with water only a small increase in endoproteolytic (azocaseinase) activity was apparent.
Results showing similar small increases in activity were also found when cycloheximide, cordycepin, actinomycin D, or ABA (data not shown) was included in the incubation medium. These results indicated that small but significant increases in activity occurred, as in the case of the germinating seed after steeping, which were apparently insensitive to inhibitors of protein and RNA synthesis. In contrast to the above results, addition of GA led to a large increase in endoproteolytic activity, which could be inhibited by simultaneous addition of cycloheximide. Simultaneous addition of actinomycin D or cordycepin with GA partially inhibited the effects of GA, suggesting a requirement for mRNA synthesis, as in the case of the whole seeds.
After 5 days incubation in water there was a significant increase (60%o) in exoproteolytic (Hbase) activity. Similar increases in activity were obtained when GA, actinomycin D, cordycepin, and combinations of GA with these inhibitors were included in the incubation medium (Table I) . These results indicated that increases in exoproteolytic activity, as in the whole seeds, were insensitive to GA and inhibitors of RNA synthesis. Increases in exoproteolytic activity in the embryoless seeds were also insensitive to the presence of cycloheximide with or without GA (Table  I ). These latter results were similar to the data obtained with whole seeds where adding cycloheximide after steeping (1-4 days germination) had little or no effect upon activity but contrasted with the inhibitory effect upon increases in exoproteolytic activity of cycloheximide added during steeping (Fig. 2B) .
Previous studies have shown that the major sulfosalicyclic acidsoluble products of storage protein hydrolysis in extracts of germinating wheat were free amino acids, while peptide levels remained relatively constant (19) . These results indicated that sufficient exoproteolytic activity may be present during germination to hydrolyze rapidly peptide products produced by the action of endoproteolytic enzymes upon storage proteins to their constituent amino acids. Similar results were obtained in the present study when sulfosalicyclic acid-soluble products were analyzed for peptide and amino acid levels after incubation of the embryoless seeds for various times with the hormones and inhibitors used in Table  I (data not shown). Therefore, with the embryoless seed studies, the action of the proteolytic enzymes upon storage protein hydrolysis was measured by the release of amino acid products. In all cases the distribution of amino acids, following correction for initial amino acid levels, was similar to published amino acid distributions of wheat storage (gluten) proteins (30) .
Incubation of the embryoless seed for 5 days in water resulted in only a slight increase in amino acid levels compared to the nonincubated control. In contrast, addition of GA led to extensive release of amino acids, while including cycloheximide with GA in the incubation medium almost completely inhibited amino acid release. Addition of actinomycin D or cordycepin with GA also inhibited amino acid release, although significant hydrolysis still occurred. Comparison of these results with the data obtained for exo-and endoproteolytic activity indicated that increases in endoproteolytic activity were required for extensive storage protein hydrolysis. This conclusion is similar to that found with the whole seeds.
DISCUSSION
The results from the present study suggest that wheat contains two distinct systems responsible for increases in endoproteolytic activity. During early germination (after steeping), increases in activity were not affected by addition of GA, ABA, or inhibitors of protein and RNA synthesis while at later stages of germination GA induced increases in activity while ABA, cycloheximide, actinomycin D, and cordycepin had inhibitory effects. Similar results were obtained with embryoless seeds.
Recent studies in our laboratory (unpublished data) demonstrated that the extent of these early increases in endoproteolytic activity were dependent upon seed age. The major effect of longer storage periods was an increase in the levels of activity of extracts of ungerminated seeds. Extracts of ungerminated wheat used in the present study, after storage at 4 C for an additional 6 and 12 months (14 and 20 months after harvest), showed increases in activity of 41% (A OD 440 = 0.031) and 64% (A OD 440 = 0.036), respectively, while little change occurred in the activity of steeped seed. These results, in addition to the insensitivity of these increases to GA, ABA, and inhibitors of protein and RNA synthesis indicated that early increases in endoproteolytic activity were not due to de novo synthesis but rather due to the activation of enzymes which have previously been shown to be present in the aleurone of ungerminated wheat (20) . Previous studies have shown that the disappearance of inhibitors present in the ungerminated seed of lettuce (24) , cow pea (23), barley (13) , and mung bean (1) may be partially responsible for increases in proteolytic activity during germination. Warchalewski and Skupin (29) have also shown that the antiproteolytic activity of inhibitors present in ungerminated barley against native proteases is lost during seed storage. A similar mechanism may occur in wheat although at present sufficient evidence for the presence of inhibitors of endoproteolytic enzymes in ungerminated wheat is lacking and further studies are required.
Comparison of the activity profiles during germination also suggested that enzymes responsible for endoproteolytic activity during the early stages of germination were unstable in vivo. This was especially evident with cycloheximide treatment (Fig. 1) which strongly inhibited later increases in activity resulting in a rapid reduction in activity after an initial increase after steeping. This enzyme instability is also supported by previous studies utilizing phenylalanine-substituted agarose columns to separate proteolytic enzymes in wheat (18) . Results from this study showed that the single peak responsible for endoproteolytic activity in ungerminated wheat disappeared during germination and was replaced by two peaks of different elution volumes.
In agreement with a previous study (21) , the major increases in wheat endoproteolytic activity occurred during the later stages of germination. In whole seeds these increases were enhanced by GA and partially inhibited by ABA while in the embryoless seed, increases were strongly dependent upon the presence of GA. These results and the inhibition of further increases in activity at various stages of germination by cycloheximide indicated that these enzymes were synthesized de novo as has been shown previously in barley (12) , mung bean (4), and corn (8) . This supposition is also supported by "hydrophobic" affinity chromotography profiles of wheat endoproteolytic activity (18) which showed the appearance of two active enzymes peaks during germination which were not present in ungerminated seed.
Later increases in endoproteolytic activity also appeared to be sensitive to actinomycin D and cordycepin, indicating a requirement for RNA synthesis. Inhibition of increases in activity by both compounds was significantly higher with embryoless seed compared to whole seed which may have been related to penetration rates of the inhibitors.
Increases in exoproteolytic (Hbase) activity with whole seeds during germination and with embryoless seeds after 5 days incubation appeared to be insensitive to the presence of added GA and ABA. These results suggested that increases in exoproteolytic activity were not hormonally induced by GA. Similarly, the insensitivity of these increases to actinomycin D and cordycepin indicated that RNA synthesis was not a requirement. However, the results with cycloheximide were contradictory. Addition of cycloheximide to whole seeds in the steeping medium strongly inhibited increases in exoproteolytic activity. However, later addition of cycloheximide (1-4 days) during germination of whole seeds or the presence of cycloheximide in the incubation medium of embryoless seeds did not inhibit these increases. In addition, cycloheximide added during steeping of seeds used in the present study after storage for an additional 12 months at 4 C and seeds of the same variety which had been stored at 4 C for 2.5 and 4.5 years had no effects upon increases in exoproteolytic activity during germination.
With the exception of the inhibition of increases in activity by cycloheximide added during steeping of whole seeds prior to extended storage, the above results indicated that increases in exoproteolytic activity during germination were not due to de novo synthesis of these enzymes but rather due to activation of enzymes present in the ungerminated seed. Available evidence suggests that if, in fact, activation of enzymes present in the ungerminated seed is responsible for this process, it probably involves the disappearance of inhibitors of these enzymes. Previous studies have shown that removal of low mol wt components of extracts of developing Plant Physiol. Vol. 64, 1979 and ungerminated wheat, but not germinated wheat, by dialysis leads to large increases in activity (20) . Similarly, activities of ungerminated wheat extracts were significantly increased following the removal of contaminating material by affinity chromatography (18) . Recent studies in our laboratory (unpublished data) have shown that addition of these "inhibitor" fractions from ungerminated wheat to partially purified enzyme preparations from both ungerminated and germinated wheat can give significant inhibition (>50%) of exoproteolytic activity. However, the ability of these "inhibitor" fractions to inhibit exoproteolytic activity decreased during seed storage and disappeared during germination. Further studies are continuing on the isolation and characterization of these inhibitors in germinating wheat.
Concerning the inhibition of increases in exoproteolytic activity by cycloheximide added to the steeping medium of whole seed, the results indicate that this inhibition is dependent upon the presence of the embryo and decreases with seed storage. However, the reasons for these effects are at present unknown and deserving of further study. Density-labeling studies currently being carried out should give unequivocal evidence whether or not this cycloheximide effect is due to direct inhibition of exoproteolytic enzyme synthesis or due to indirect inhibition of processes involved in the activation of enzymes present in the ungerminated seed.
The effects of GA, ABA, and inhibitors of protein and RNA synthesis upon storage protein hydrolysis during germination of whole seed and the incubation of embryoless seed appeared to be closely related to their effects upon later increases in endoproteolytic activity. These results suggested that these enzymes, presumably synthesized de novo during germination, play a major role in the direct control of storage protein hydrolysis. Previous studies have shown a similar strong dependence of storage protein hydrolysis upon hormonally induced de novo synthesis of endoproteolytic enzymes in germinating barley (12) , corn (8) , and mung bean (4) .
In contrast, the lack of effects of GA, ABA, and inhibitors of protein and RNA synthesis upon exoproteolytic activity and upon endoproteolytic activity present during the early stages of germination compared to their significant effects upon storage protein hydrolysis suggested that enzymes responsible for these activities play a minor role in the "direct" control of storage protein hydrolysis. At present the physiological role of the endoproteolytic enzymes present during early germination is not known. However, with respect to exoproteolytic activity, the present study showed that the major products of storage protein hydrolysis during the incubation of embryoless seeds were amino acids. These data indicate that these enzymes may play a major role in the hydrolysis of peptides produced by increasing levels of endoproteolytic activity during germination.
